1. Introduction {#s0005}
===============

The transforming growth factor β (TGF-β) superfamily is a large group of molecules that includes transforming growth factor (TGF-β), bone morphogenetic protein (BMP), growth differentiation factor (GDF), activin, inhibin and Nodal. TGF-β and BMP are important members of this superfamily; they have similar downstream transduction pathways, and their regulation is closely related, which is the biological basis of their antagonistic interaction \[[@bb0005]\]. The antagonism between the TGF-β pathway and the BMP pathway was initially reported in kidney disease \[[@bb0010]\] and bone formation \[[@bb0015]\]. Recently, an increasing number of reports have focused on the opposing effect between these two pathways in the progression of cancers. Unfortunately, their antagonistic mechanisms in cancer are not very extensively discussed. Therefore, the rest of this review is organized as follows: in [Section 1](#s0005){ref-type="sec"}, we describe the basics of TGF-β and BMP signalling; in [Section 2](#s0010){ref-type="sec"}, due to a lack of studies on the antagonistic mechanisms of these two pathways in cancer, we provide some potential mechanism in other cell types for reference; in [Section 3](#s0030){ref-type="sec"}, we summarize the data that support the opposing effect of the two pathways in the progression of some cancers; and finally, we give our conclusion and highlight important questions for future research.

2. TGF-β and BMP signalling pathways {#s0010}
====================================

In general, the TGF-β and BMP ligands elicit their effects via binding to the dual serine/threonine kinase receptors on the surface of target cells, which are assembled into a complex of type I and type II receptors. Upon ligand binding, type I receptors specifically phosphorylate intracellular R-Smads (Receptor-regulated Smad proteins). Activated R-Smads form heteromeric Smad complexes with Smad4 and translocate into the nucleus, and the complexes then bind to transcription factors and transcriptional co-activators or co-repressors to regulate the transcription of target genes \[[@bb0020]\]. In addition, non-Smad signalling pathways are also initiated by the activated TGF-β and BMP receptors, including the PI3K-AKT-mTOR pathway, the Ras-ERK-MAPK pathway, the p38-MAPK pathway, Rho, Rac and Cdc42 GTPase pathways \[[@bb0025]\]. We will further elaborate on the specific TGF-β and BMP signalling pathways in the sections that follow.

2.1. Ligands and receptors along the TGF-β and BMP pathways {#s0015}
-----------------------------------------------------------

The TGF-β ligands include TGF-β1, TGF-β2, and TGF-β3. They exhibit high affinities for the TGF-β type II receptor (TβRII) but do not interact with TGF-β type I receptor (TβRI, also called ALK-5). In general, TGF-β ligands tightly bind to the extracellular domain of TβRII, and TβRI then participates in the formation of receptor complexes \[[@bb0030]\]. The BMP ligands can be further classified into 4 subgroups based on structural homology: the BMP-2/-4 subgroup, BMP-5/-6/-7/-8 subgroup, BMP-9/-10 subgroup, and BMP-12/-13/-14 subgroup \[[@bb0035]\]. There are three type II receptors for BMPs--- the BMP type II receptor (BMPRII), the activin type II receptor (ActRII), and activin type IIB receptor (ActRIIB); BMPRII is specific for BMPs, while ActRII and ActRIIB are shared by BMPs, myostatin and activins \[[@bb0040]\]. The four activin receptor-like kinases (ALKs) ALK-1, ALK-2(ACVR1), ALK-3 (BMPRIA) and ALK-6 (BMPRIB) are termed type I receptors for BMPs \[[@bb0045]\]. In contrast to TGF-β, BMPs bind to type I and type II receptors with different affinities. For instance, BMP-2 and BMP-4 exhibit high affinity for the type I receptors and a comparably low affinity for BMPRII \[[@bb0050],[@bb0055]\]. BMP-7, however, preferentially binds to ActRII and ActRIIB, while its affinity for the type I receptors is less pronounced \[[@bb0060]\]. In addition, different BMP ligands bind to different type I receptors; for example, BMP-7 effectively binds to ALK-2 and ALK-6 and has a lower affinity for ALK-3, while BMP-4 effectively binds to ALK-3 and ALK-6. Therefore, different BMP ligands bind to their corresponding receptors in a specific manner, which results in the activation of distinct signalling cascades \[[@bb0065]\]. Moreover, there are co-receptors, endoglin \[[@bb0070]\] and betaglycan \[[@bb0075]\], which do contribute to ligand binding and have multiple effects on TGF-β and BMP pathways and are also implicated in cancer. TGF-β can also bind ALK1 and the ALK-1 pathway is known to cross-talk with the ALK-5 pathway \[[@bb0080]\]. Differential potentiation of signal by co-receptors, endoglin in association with TβRII binds to TGF-β1 and TGF-β-β3 but not TGF-β2 \[[@bb0085]\] whereas betaglycan binds to all 3 isoforms \[[@bb0090]\]. In addition, the shedding of the membrane-bound endoglin and betaglycan can produce soluble forms, which bind and sequester ligands of TGF-β and BMPs to inhibit their downstream signalling \[[@bb0095]\]. Soluble endoglin binds with high affinity to BMP-9 and BMP-10 and forms a complex with these ligands to inhibit the effects of angiogenesis induced by BMP-9 and BMP-10 \[[@bb0100]\]. The balance of cell surface and soluble endoglin and betaglycan regulates TGF-β and BMP signalling and plays an important role in mediating their effects \[[@bb0105]\]. ALK1-Fc, a soluble chimeric protein targeting ALK-1, prevents binding of selective BMPs to ALK-1 and inhibits ALK-1 signalling; it is considered to be a powerful antiangiogenic agent capable of blocking vascularization \[[@bb0110]\].

2.2. The Smad proteins within the TGF-β and BMP pathways {#s0020}
--------------------------------------------------------

Smad 2 and 3 are specifically activated by TGF-β receptors, and they can negatively regulate self-signalling by increasing the transcription of Smad7 \[[@bb0115]\], an inhibitory Smad (I-Smad). Smad7 not only interacts with activated TβRI to block the phosphorylation of Smad2 \[[@bb0120]\], but it also interferes with TGF-β-induced functional Smad-DNA complex formation in the nucleus to further inhibit TGF-β signalling \[[@bb0125]\]. In contrast, Smad1, Smad5 and Smad8 are activated by BMP receptors, and they can negatively regulate self-signalling by increasing the transcription of another I-Smad, Smad6 \[[@bb0130]\]. Smad6 impedes Smad1/5/8 phosphorylation by binding to BMP type I receptors \[[@bb0135]\] and competes with Smad4 to bind phosphorylated Smad1 to form an inactive Smad1-Smad6 complex \[[@bb0140]\]. Furthermore, at the transcriptional level, Smad6 also binds certain transcription factors to inhibit BMP-induced transcription in the nucleus \[[@bb0145]\]. In addition, Smad7 has also been reported to bind to BMP type I receptors and impede the phosphorylation of Smad1/5/8 \[[@bb0120]\].

2.3. Regulation of the TGF-β and BMP pathways {#s0025}
---------------------------------------------

I-Smads can negatively regulate the TGF-β and BMP pathways in concert with Smurfs, the Smad ubiquitination regulators that display more obvious synergistic inhibitory effects than the direct inhibition of I-Smads \[[@bb0150]\]. Smurfs belong to the HECT family of E3 ubiquitin ligases, including Smurf1 and Smurf2, which specifically identify different substrates and initiate degradation through the ubiquitin-proteasome pathway \[[@bb0155]\]. Smurf1 negatively regulates both the TGF-β and BMP pathways; Smurf1 mediates ubiquitination of BMP type I receptors through either Smad6 or Smad7 \[[@bb0150]\], while it mediates degradation of TβRI exclusively through Smad7 \[[@bb0160]\] Moreover, Smurf1 can also directly degrade BMP type I receptors, Smad1 and Smad5 \[[@bb0165]\]. Unlike Smurf1, Smurf2 merely regulates the TGF-β pathway; Smad7 recruits and binds to Smurf2 in the nucleus and induces the translocation of Smurf2 to the cytoplasm, acting as an adaptor protein to mediate the degradation of TβRI through the proteasome pathway \[[@bb0170]\].

With regards to the negative regulators of Smad transcription, c-Ski and SnoN are two highly conserved members of the Ski family of oncoproteins. They directly interact with Smad4 to disrupt the formation of functional transcription complexes between Smad4 and R-Smads, thereby inhibiting the transcription of downstream genes along the TGF-β and BMP pathways \[[@bb0175], [@bb0180], [@bb0185]\]. In addition, Ski can further inhibit transcription by recruiting nuclear transcription co-repressors (N-CoR) and histone deacetylases (HDACs) or by interfering with the binding of Smad to the transcriptional co-activators p300/CBP \[[@bb0175]\].

3. The potential mechanisms regulating the antagonism between TGF-β and BMP pathways ([Fig. 1](#f0005){ref-type="fig"}) {#s0030}
=======================================================================================================================

3.1. Regulation of ligand-receptor interactions {#s0035}
-----------------------------------------------

### 3.1.1. Connective tissue growth factor (CTGF) {#s0040}

CTGF is a secretory protein, and it contains cysteine-rich (CR) domains, which have been reported to function as BMP and TGF-β binding domains in some cases \[[@bb0190], [@bb0195], [@bb0200]\]. CTGF can antagonize BMP signalling by preventing the binding of BMP ligands to BMP receptors in the extracellular space, but it facilitates TGF-β1 binding to its respective receptors \[[@bb0205]\]. To date, CTGF has been reported to antagonize BMP-2 \[[@bb0210]\], BMP-4 \[[@bb0205]\], BMP-6 \[[@bb0215]\], and BMP-7 \[[@bb0220]\] in different cell types. CTGF inhibits BMP and activates TGF-β signals by direct binding in the extracellular space and may explain why TGF-β signalling is enhanced and BMP signalling is weakened in certain CTGF-expressing tumours. In addition, CTGF can be induced by TGF-β1, and it promotes TGF-β-mediated responses by stimulating positive feedback mechanisms \[[@bb0225]\] It has been reported that TGF-β can antagonize the role of BMP-7 by upregulating CTGF in myogenic differentiation \[[@bb0230]\]. Contrarily, BMP-7 \[[@bb0230]\] and BMP-9 \[[@bb0235]\] have been described to downregulate CTGF expression.Fig. 1Antagonistic mechanism of TGF-β and BMP pathways: TGF-β signalling suppresses BMP signalling through upregulating CTGF, Gremlin, Tmeff1 and miR-155, as shown in a-c; BMP signalling suppresses TGF-β signalling through upregulating CTGF and Smad6, as shown in d-e; TGF-β and BMP signalling restrict each other by competing for limited Smad4, as shown in f.Fig. 1

### 3.1.2. Kielin/chordin-like protein {#s0045}

Kielin/chordin-like protein (KCP) contains 18 cysteine-rich domains. Unlike other cysteine-rich domain proteins that sequester ligands from the BMP receptor, KCP binds to BMP-7 and facilitate its binding to the type I receptor to enhance BMP signalling in a paracrine manner \[[@bb0240]\]. Subsequently, KCP is reported to inhibit TGF-β-mediated signalling through binding and blocking the interactions between TGF-β and its receptors \[[@bb0245]\]. The ability to enhance BMP activation while suppressing TGF-β signalling signifies a key role of KCP in preventing nonalcoholic fatty liver disease \[[@bb0250]\] and renal injury \[[@bb0255]\] in animal models.

### 3.1.3. Gremlin {#s0050}

Gremlin is a member of the cysteine knot superfamily and acts as a BMP antagonist \[[@bb0260]\]. In optic nerve cells, TGF-β2 can promote the synthesis of extracellular matrix (ECM) proteins, while BMP-4 can inhibit TGF-β2-induced ECM accumulation. It has been found that TGF-β2 can attenuate the effects of the BMP pathway by upregulating the BMP antagonist gremlin \[[@bb0265]\]. A similar mechanism is also observed in idiopathic pulmonary fibrosis (IPF); TGF-β1 induces gremlin expression to antagonize the effects of BMP-4 in promoting epithelial regeneration and reducing differentiation, and it sensitizes cells to TGF-β1-induced EMT and accelerates fibrosis in the lungs \[[@bb0270]\].

### 3.1.4. Tomoregulin-1 (Tmeff1) {#s0055}

Tmeff1 (originally named X7365) is a transmembrane protein containing two follistatin domains and an epidermal growth factor (EGF) domain in its extracellular region. Unlike follistatin and follistatin-related gene, Tmeff1 selectively inhibits BMP and nodal but not activin. Tmeff1 is considered to be a membrane-bound BMP antagonist that selectively inhibits BMP-2-mediated mesoderm induction by its cytoplasmic region in the Xenopus embryo \[[@bb0275]\]. Tmeff1 is also proven to be a direct target of TGF-β2/Smad2/3 signalling in hair follicle stem cell; as a result, TGF-β signalling counterbalances BMP-mediated effects by upregulating the expression of Tmeff1 \[[@bb0280]\]. Moreover, a study in prostate cancer shows that Tmeff1, which is induced by TGF-β signalling, also causes Smad1 and Smad5 to degrade through its interaction with Smurf1, thus inhibiting the BMP signalling pathway \[[@bb0285]\].

3.2. Regulation on the transcription of target genes {#s0060}
----------------------------------------------------

The activation of both the TGF-β and BMP signalling pathways sometimes exerts opposite effects on the expression of target genes. For instance, TGF-β stimulates the expression of connective tissue growth factor (CTGF), endothelin-1 (ET-1), plasminogen activator inhibitor-1 (PAI-1) in some types of cells, while BMP-7 downregulates the transcription and expression of these same target genes correspondingly \[[@bb0230],[@bb0290],[@bb0295]\].

SnoN, as a transcriptional repressor, is reported to participate in the antagonism of the TGF-β and BMP pathways at the transcriptional level in different cell types. For instance, TGF-β1 inhibits the target gene transcription of BMPs by upregulating SnoN in primary human osteoblasts and chondrocytes \[[@bb0300],[@bb0305]\]. BMP-7 also specifically limits Smad3-DNA binding via increased SnoN expression \[[@bb0310]\] in proximal tubular epithelial cell.

The Smad transcription complex plays important roles in the regulation of target gene transcription. It has been extensively shown that TGF-β and BMP mutually regulate the transcription of each other through the Smad pathways. TGF-β inhibits BMP-mediated Smad signalling in pulmonary artery smooth muscle cells via Smad3 \[[@bb0315]\].The deficiency of Smad3 increases the expression of Smad1, Smad5, BMP-2 and BMP-6 in chondrocytes, which makes the effects of BMP-2 more obvious \[[@bb0320]\]. In addition, TGF-β can induce the formation of a non-functional transcription complex of phosphorylated Smad1/5 and Smad3, which leads to transcriptional repression of downstream target genes along the BMP signalling pathway \[[@bb0325]\]. Furthermore, some investigators proposed that the TGF-β and BMP signalling pathways compete for Smad4, which results in different functions of both pathways \[[@bb0330], [@bb0335], [@bb0340]\].

3.3. microRNA-related post-transcriptional regulation {#s0065}
-----------------------------------------------------

It is estimated that more than 30% of the translation of encoded genes are regulated by miRNAs \[[@bb0345]\]. miRNAs are endogenous non-coding RNAs of \~23 nucleotides in length that inhibit protein translation by interacting with the 3′-untranslated regions (3′-UTRs) of the messenger RNAs (mRNAs) of target genes \[[@bb0350]\].

### 3.3.1. MiR-17\~92 cluster {#s0070}

The MiR-17\~92 cluster (including miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a) is widely demonstrated to downregulate multiple components of the TGF-β pathway \[[@bb0355],[@bb0360]\]. Inactivation of the TGF-β pathway, including downregulation of the TGF-β receptors Smad4 and Smad2, is common in gastrointestinal tumours \[[@bb0365], [@bb0370], [@bb0375]\], which is thought to be related to upregulation of the miR-17\~92 cluster. In colorectal cancer \[[@bb0375],[@bb0380]\] and glioblastoma, c-Myc mediates TGF-β pathway inactivation by upregulating the transcription of the miR-17\~92 cluster, in which miR-17 and miR-20a reduce the expression of TβRII, while miR-18a inhibits the expression of Smad and Smad4. Moreover, the miR-17\~92 cluster is also involved in the inhibition of downstream target genes of the TGF-β pathway, in which miR-17 and miR-20a inhibit the cell cycle inhibitor p21WAF1/CIP1 while miR-92 inhibits the anti-apoptosis gene BIM.

The MiR-17\~92 cluster can enhance BMP signalling by targeting its negative regulators, such as Bambi and Crim1. Bambi is a pseudo-receptor that retains the ability to interact with functional BMP receptors and ligands and thus inactivates ligand-receptor complexes \[[@bb0385]\] Crim1 reduces the production and secretion of mature BMP proteins \[[@bb0390]\]. Both are targets of miR-20a \[[@bb0395]\] In addition, miR-17 can enhance the activity of the BMP signalling pathway by targeting Smurf1 and preventing the degradation of Smad1, Smad5 and BMP type I receptors.

### 3.3.2. MiR-302 cluster {#s0075}

The MiR-302∼367 gene cluster encodes four members of the miR-302 family (miR-302a/b/c/d) and a single transcript of miR-367. Both TβRII and BMPRII have been reported to be the target genes of miR-302 in different cases \[[@bb0400],[@bb0405]\] In addition, miR-302 also targets Lefty-1 and Lefty-2, which have been shown to inhibit the TGF-β signalling pathway \[[@bb0410]\] BMP-4 reduces the transcription of the miRNA-302∼367 gene cluster \[[@bb0400]\], which then significantly inhibits the activation of the TGF-β signalling pathway.

### 3.3.3. MiR-21 {#s0080}

MiR-21 has been proven to inhibit the BMP pathway since it targets Smad7 and suppresses its expression, although BMP-9 induces the expression of miR-21 \[[@bb0415]\] Similarly, miR-21 can also be induced by TGF-β and consequentially inhibits the translation of Smad7, which competitively binds to TβRI and prevents the activation of Smad2 and Smad3 upon TGF-β1 stimulation in carcinoma-associated fibroblasts (CAFs) \[[@bb0420]\]. Contrarily, BMP-6 inhibits miR-21 expression at the transcriptional level by reducing δEF1 and c-Fos/c-Jun binding to the miR-21 promoter in breast cancer \[[@bb0425]\] Moreover, a targeted relationship between miR-21 and BMPR2 was confirmed in bladder cancer and pulmonary hypertension \[[@bb0430],[@bb0435]\].

### 3.3.4. MiR-155 {#s0085}

In cancer, miR-155 can be upregulated by TGF-β1 and induce the epithelial-mesenchymal transition and acquisition of a cancer stem cell phenotype, as well as leading tumour cells to evade T cell surveillance \[[@bb0440], [@bb0445], [@bb0450]\] However, miR-155 targets the 3′ untranslated region (3′-UTR) of multiple components of the BMP signalling pathway, including BMPR2 \[[@bb0455]\], Smad1 and Smad5 \[[@bb0460]\], which induces the inhibition of the BMP signalling pathway.

It is worth noting that as a result of tissue-specific expression of miRNAs and variation in the 3′-UTR length of target mRNAs, miRNAs could target different mRNAs and play different roles in different cellular environments \[[@bb0345]\].

3.4. Regulation on ubiquitination-dependent degradation {#s0090}
-------------------------------------------------------

TGF-β induces increased expression of Smurf1 protein, which can lead to the degradation of Smad1 and BMP downstream target genes \[[@bb0465]\] BMP-2 also effectively attenuates the TGF-β1 signalling pathway by promoting Smad6/Smurf1 complex-dependent TGF-β type I receptor degradation \[[@bb0470]\]. Moreover, 5-azacytidine upregulates the BMP signalling pathway and increases the expression of Smurf2, which induces the ubiquitination of Smad2/3 to make a shift from the TGF-β signalling pathway to the BMP signalling pathway \[[@bb0475]\].

4. The antagonistic effects between the TGF-β and BMP pathways in the progression of cancer {#s0095}
===========================================================================================

TGF-β inhibits cell proliferation and promotes differentiation in normal cells and some early stage tumours, thus serving as a tumour-suppressor factor. In advanced cancer, however, it aggravates tumour progression and metastasis, thus acting as an oncogenic factor. In some cases, tumour cells acquire somatic mutations along the TGF-β signalling pathway so that they escape from the growth inhibition of TGF-β. Mutational inactivation of TβRII and Smad4 are frequently observed in colorectal tumours \[[@bb0480]\]. Additionally, mutations in Smad4 have been observed in approximately 50% of pancreatic carcinoma (the highest rate of all tumour types) \[[@bb0485]\]. And 30% of breast tumours also harbour Smad4 mutations \[[@bb0490]\]. Furthermore, certain tumours without genetic mutations, such as glioblastoma, prostate cancers, melanomas and haematopoietic neoplasias \[[@bb0480]\] can overcome TGF-β-mediated growth inhibition through impairing the expression of anti-proliferative genes induced by TGF-β. TGF-β normally downregulates c-Myc expression, thus allowing upregulation of p15INK4A or p21WAF1; high levels of c-Myc can block the tumour-suppressive effect of TGF-β \[[@bb0495]\]. Hyperactive Akt activity and Ras/MAPK pathway signalling can also silence the growth inhibitory response to TGF-β \[[@bb0500],[@bb0505]\]. Released from tumour-suppression constraints, cancer cells use the remaining TGF-β responses with impunity to support tumourigenic features, including cancer progression, which encompasses evasion of immune surveillance, tumour growth, migration, invasion, and metastasis. Aberrant expression of BMPs has been detected in various cancers, including lung cancer \[[@bb0510]\], hepatocellular carcinoma \[[@bb0515]\] and gastric cancer \[[@bb0520]\] and mutations in BMP signal components have been observed in colorectal cancers \[[@bb0525]\]. BMPs have a highly context-dependent effect on tumour progression and display bi-directional roles in different cancers. For example, BMP-9 promotes the cell proliferation of ovarian cancer \[[@bb0530]\] but induces apoptosis in prostate cancer cells \[[@bb0535]\]; BMPs promote the motility and invasiveness of various types of cancer cells, such as prostate cancer \[[@bb0540]\], colon cancer \[[@bb0545]\], and malignant melanoma \[[@bb0550]\], but they suppress tumour migration, invasion and bone metastasis of breast cancer cells \[[@bb0235],[@bb0555]\]. Moreover, TGF-β and BMP pathways both have effects on angiogenesis. ALK-1 is specifically expressed in vascular endothelial cells. BMP-9 and BMP-10 bind to ALK-1 with high affinities and were demonstrated to activate the proliferation of endothelial cells \[[@bb0560]\]. TGF-β binds to ALK-5, inducing pSmad2/3 signalling, and leads to the inhibition of endothelial cell proliferation. Interestingly, TGF-β can also bind to ALK-1 and induce pSmad1/5 signalling in endothelial cells to promote proliferation like BMP-9 and BMP-10; the cellular response to TGF-β1 in endothelial cells has been described to depend on the balance of ALK-1 and ALK-5 \[[@bb0565]\]. In conclusion, it is worth noting that context-dependent factors determine the role of TGF-β and BMP pathways. Interestingly, one pathway enhancement is accompanied by another pathway weakening in the progression of some cancers and the 2 pathways have opposite effects in tumourigenesis and dissemination; thus, their cross-talk affects the carcinogenesis process. In the following paragraphs, we summarize the data that support an antagonism between the TGF-β and BMP pathways in glioblastoma, breast cancer, prostate cancer and hepatocellular carcinoma.

4.1. Glioblastoma {#s0100}
-----------------

The interaction between TGF-β and BMP pathways is very important during brain cancer development, mostly in the case of glioblastomas (GBMs). GBMs have a high content of autocrine TGF-β levels, the hyperactive PI3K-AKT pathway leads to the loss of the TGF-β antiproliferative response in glioma. In addition, TGF-β promotes cell proliferation through inducing the expression of the platelet-derived growth factor (PDGF)-B \[[@bb0570]\]. Moreover, TGF-β also enhances the self-renewal capacity of glioma-initiating cells (GICs) in GBMs by upregulating the expression of the leukaemia inhibitory factor (LIF) \[[@bb0575]\], and the transcription factor Sox4 \[[@bb0580]\] and ID1 \[[@bb0585]\]. Unlike TGF-β, the expression of BMP is independently associated with a good prognosis in GBMs because it pushes the glioblastoma stem cell pool to differentiate towards different lineages. BMP-4 significantly reduces the numbers of stem-like tumour-initiating precursors of GBMs, and the delivery of BMP-4 in vivo effectively decreases the tumour growth that occurs in mice that have received intracerebral grafting of human GBM cells. This study suggests that BMP-4 could be a novel therapeutic effector to prevent the growth and recurrence of GBMs in humans \[[@bb0590]\]. In addition, BMP-2 and BMP-7 were also reported to decrease cancer stem cells by inducing differentiation \[[@bb0595]\].

4.2. Breast cancer {#s0105}
------------------

BMP signalling can antagonize TGF-β signalling both in normal mammary development and in breast cancer. TGF-β and Wnt signalling collaborate to induce EMT and thereafter function in an autocrine fashion to induce entrance of human mammary epithelial (HMLE) cells into the mesenchymal state and maintain residence in this state. The HMLE cells that have autocrine production of TGF-β express high levels of BMP-antagonists, Gremlin and Chordin-like proteins, to repress BMP signalling \[[@bb0600]\]. In breast cancer, BMP-7 is highly expressed in normal breast ducts, but it is significantly reduced in breast cancers with lymphatic and bone metastases, suggesting that reduced BMP-7 expression may confer the potential for breast cancer cell metastasis \[[@bb0605]\]. The exogenous addition of BMP-7 to human MDA-231 breast cancer cells counteracted TGF-β-mediated EMT and significantly inhibited the formation of osteolytic bone metastases in nude mice \[[@bb0610]\]. Another study demonstrated that BMP-7 may exert anti-invasive effects by inhibiting TGF-β-induced expression of integrin αvβ3 \[[@bb0615]\], which is strongly expressed by breast cancer cells residing in bone metastasis \[[@bb0620]\] and favours migration and invasion by mediating the adhesion of cells to the extracellular matrix \[[@bb0625]\]. In addition, it is also reported that BMP-9 can inhibit the bone metastasis of breast cancer cells by downregulating the expression of connective tissue growth factor (CTGF), which is a pivotal gene downstream of the TGF-β pathway that participates in tumour invasion and metastasis \[[@bb0235]\].

4.3. Prostate cancer {#s0110}
--------------------

TGF-β signalling via Smad2/3 inhibits the proliferation of prostate cancer cells and exerts tumour suppressive effects \[[@bb0630]\]. BMP-7 works in contrast to attenuate TGF-β-mediated tumour suppression in proliferation and plays an anti-apoptotic role in some prostate cancer cells \[[@bb0635]\]. Owing to the biological complexity of the TGF-β and BMP signalling pathways in prostate cancer, investigators explored the function of these two pathways in prostate cancer development through genetic deletion of TβRII and BMPRII in the context of the PTEN-null prostate cancer mouse model. The opposing roles were determined in prostate cancer development, in which the TGF-β pathway suppressed cancer development by inducing either Smad-dependent or Smad-independent apoptosis, whereas the BMP pathway promoted progression by increasing the number of Ki67+ proliferating cells and promoting local inflammation \[[@bb0640]\]. A recent study revealed the mechanism of the interactions between TGF-β and BMP in prostate cancer, TβRII ablation disrupted the TGF-β pathway but increased the BMP pathway through downregulating the negative regulator Tmeff1, which interacts with the Smad1/Smad5 complex and induces the degradation of Smad1 and Smad5 by recruiting Smurf1 \[[@bb0285]\]. Moreover, endoglin, the TGF-β/BMP coreceptor, inhibits the pro-invasive ALK5-Smad3 pathway and facilitates anti-invasive ALK2-Smad1 activation in prostate cancer cells; the expression of endoglin regulates the balance between TGF-β signalling and BMP signalling, thereby suppressing prostate cancer metastasis \[[@bb0645],[@bb0650]\].

4.4. Hepatocellular carcinoma (HCC) {#s0115}
-----------------------------------

The processes regulated by TGF-β in the liver are complex because TGF-β signalling operates in different hepatic cell types and their activation status varies during multiple stages of hepatic carcinogenesis. In recent years, more and more reports have proved the role of TGF pathways in inhibiting the progression of HCC. TGF-β signalling inhibits H19 expression via Sox2 in tumour-initiating hepatocytes to inhibit HCC development \[[@bb0655]\]. βII-Spectrin (SPTBN1) is an adapter protein for Smad3/Smad4 complex formation during TGF-β signal transduction and 40% SPTBN1(+/−) mice spontaneously develop HCC. SPTBN1 can decrease the expression of cyclin D1 \[[@bb0660]\] and upregulate the Wnt inhibitor kallistatin \[[@bb0665]\] to suppress proliferation and acquisition of stem cell-like of HCC. In clinical cases, reduced TβRII expression in HCC correlates with large tumour size, poor differentiation, aggressive intrahepatic metastasis, and a short time-to-recurrence, which suggests the tumour suppressive effects of the TGF-β signalling pathway in HCC \[[@bb0670]\]. Contrarily, the BMP signalling pathway seems to promote the development and progression of HCC, in which BMP-9 significantly promotes cell proliferation, enhances cell migration, and inhibits cell apoptosis in HCC cell lines \[[@bb0675],[@bb0680]\]. Furthermore, BMP-4 is associated with a higher tumour stage and HCC cells with higher migratory and invasive potentials \[[@bb0685]\]. The expression of ACVR1 is associated with shorter recurrence-free survival in HCC, and ACVR1 was reported to activate Wnt signalling to promote the stem cell-like feature of HCC cells \[[@bb0690]\].

We address the TGF-β and BMP pathways with an emphasis on their opposing effects in some cancers above. However, it is worth noting that TGF-β and BMP pathways also have agonistic effects in cancer progression in some cases. In gastric carcinoma, BMP-2 and BMP-4 inhibit the proliferation of gastric carcinoma cells via p21WAF1 induction through the Smad pathway, which is similar to that of the TGF-β pathway \[[@bb0695]\]. BMP-7 was reported to improve lung cancer cell motility and invasiveness like the TGF-β pathway does \[[@bb0510]\]. Moreover, BMP-2 and TGF-β both increase the number of cancer stem cells in ovarian carcinoma, and inhibition of the 2 pathways showed an effective therapeutic effect on ovarian cancer \[[@bb0700],[@bb0705]\].

As one can conclude from the different examples mentioned so far, TGF-β and BMP signalling promote different responses in different cell types. In glioblastoma and breast cancer, the BMP pathway inhibits EMT and the stem cell-like features, which are mediated by the TGF-β pathway. However, in prostate cancer and hepatocellular carcinoma, TGF-β inhibits proliferation and stemness and BMP promotes it. All these are related to the context-dependence of TGF-β and BMP pathways. The balance between these two pathways is probably involved in the progression of tumours, and correcting the imbalance between these two pathways may be beneficial for tumour treatment.

5. Conclusion {#s0120}
=============

The roles of both the TGF-β and BMP pathways have been extensively studied in the development and progression of cancers. Here, we focused on the crosstalk between the 2 pathways and summarized the findings of the antagonistic effects in glioblastoma, prostate cancer, breast cancer and hepatocellular carcinoma. Moreover, in view of the lack of systemic mechanistic study between the 2 pathways in cancer, we summarized the potential mechanisms in other cell types for reference, including ligand-receptor interactions, the transcription of target genes, microRNA-related post-transcriptional regulation and ubiquitination-dependent degradation. In our opinion, more studies need to be conducted in order to fully demonstrate the panorama of the interactions between the two pathways in different tumour types in order to screen more effective therapeutic regimens in specific cancers.

Outstanding questions {#s0125}
=====================

In this review, we address the TGF-β and BMP pathways and their crosstalk, with an emphasis on opposing effects. In the light of the protumourigenic functions of TGF-β in cancer, focussing on the antagonistic mechanisms of BMP signalling is feasible with regard to a possible therapeutic use. However, the TGF-β and BMP pathways also have agonistic effects in cancer progression in some cases. It is worth noting that the roles of the 2 pathways in different cancers are in a context-dependent manner. Moreover, we also provide some potential mechanisms regulating the antagonism between TGF-β and BMP pathways that were discovered in non-cancerous cells; these mechanisms may help explain the antagonistic effects between the TGF-β and BMP pathways in some cancers and provide new clues for developing novel strategies for targeted therapy.

Search strategy and selection criteria {#s0130}
======================================

Data for this Review were identifed by searches of MEDLINE and PubMed, and references from relevant articles using the search terms "TGFbeta", "TGF-β", "BMP", "pathway", "cancer", "tumour", "Hepatocellular carcinoma", "HCC", "Glioblastoma", "breast cancer", "prostate cancer" and "opposite", "antagonistic" and so on. Only articles published in English between 1991 and 2018 were included.
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